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A modification oj the silicon diode array camera tube has been carried 
out which permits X-ray images to be displayed on a television monitor. 
The silicon target, 50 to 150 urn thick, serves as the tube's vacuum window. 
Each X-ray photon generates a large number oj holes in the silicon sub- 
strate. Most oj these can be usefully collected, and effective quantum effi- 
ciencies over 1000 have been measured. Absolute measurements of the 
spectral sensitivity have been made and shoiu good agreement with the- 
oretical predictions made using values oj hole lijetime and surjace re- 
combination velocity obtained jrom optical measurements on the same 
target. The silicon diode array offers a number oj inherent advantages in 
X-ray imaging compared with the conventional amorphous selenium target. 
Among these are greater quantum efficiency, high sensitivity, and tem- 
perature stability. The diode array sensitivity greatly exceeds that oj film in 
this X-ray energy range (5 to 20 keV). Moreover, because the video signal 
current is linear as a junction oj X-ray photon flux over a wide dynamic 
range, relative intensities may be compared directly rather than necessitat- 
ing densitometer measurements as does film. The performance oj the many 
types oj X-ray imaging systems in different applications is compared in 
some detail. 

I. INTRODUCTION 

The silicon diode array camera tube, developed for Picturephone® 
visual telephone service applications, 1 has proved to be a versatile 
device. The possibility of using the diode array target for X-ray 
imaging had been discussed on various occasions, but a particularly 
useful step was the realization by E. I. Gordon that, since each X-ray 
photon could produce a great number of hole-electron pairs, very 
high quantum efficiency might be expected in this application. 2 Sub- 
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sequent measurements bore out this expectation. 3 - 4 There are many 
uses for a practical imaging device with high visual brightness, rang- 
ing from medical and biological research applications to production- 
line testing of silicon wafer crystal orientation. 8 

This paper describes the modification of the camera tube for X-ray 
imaging and measurements of spectral response obtained with such 
a tube. The relevant features of all the various X-ray imaging tech- 
niques are compared in the context of specific applications to identify 
the particular devices which are most suitable for specific purposes. 
This permits a balanced evaluation of the usefulness of the silicon 
diode array camera tube for X-ray imaging, as well as shedding light 
upon other possible imaging systems. 



II. DESCRIPTION OF DETECTION SYSTEM 

The fundamental unit of the detection system is the diode array 
camera tube 1 developed for the Picturephone visual telephone station 
set. Let us start with a brief summary of the operation of this tube, 
as it applies to X-ray detection. 

The camera tube target consists of a thin disk of n-type silicon, 
typically 0.800 inch in diameter, whose uniform thickness may range 
from 0.7 mil up to several mils, depending upon the specific application. 

An array of p-n diodes is formed on one side of the silicon disk 
by standard photolithography and diffusion. Early versions of the 
target used diodes of 8-/xm diameter spaced on 20-ju,m centers, cover- 
ing a rectangular area approximately 1 cm on a side. In recent versions 
the diode spacing is 15 /mi. These dimensions are consistent with speci- 
fications for the Picturephone visual telephone set and are not neces- 
sarily optimum for X-ray applications. 

The target substrate is maintained at a potential of 5 to 10 volts 
positive relative to the electron gun cathode by the target bias voltage. 
An electron beam is scanned across the diode array, building up a 
negative charge on the p-side of the diodes until that surface of the 
target is charged down to cathode potential; then additional arriving 
electrons are repelled and do not land on the target (these are col- 
lected at another electrode, the collector) . Under these conditions the 
diodes are reverse-biased, and in the absence of light will store their 
charge for a long time. The storage time is limited by diode leakage 
current. The amount of charge that leaks off between the successive 
times that the electron beam accesses a given diode (the frame time) 
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is replaced when the electron beam reaches that diode again. The 
associated charging current constitutes the video signal. The charg- 
ing current observed when the target is not illuminated is called the 
dark current. 

The detection ability of the diode array arises because the rate at 
which the diodes discharge can be greatly accelerated by various 
means. For Picturephone visual telephone service applications, an 
optical image is focused on the side of the silicon disk opposite the 
diodes. Photons create hole-electron pairs in the substrate; the holes 
diffuse to the nearest diodes and are swept across the space charge 
region, partially discharging the diodes. For X-ray detection, an 
X-ray photon is absorbed by a substrate atom, producing a fast 
electron carrying most of the original photon energy. 6 This electron 
creates many hole-electron pairs as it decelerates, losing its energy in 
a distance of no more than a few /mi. 7 The resulting holes diffuse to 
adjacent diodes and discharge them. In either case, a video signal 
will be produced when the electron beam accesses those portions of 
the target which have been discharged by exposure to light or X-rays. 

In the present work, the diode array was scanned in 275 horizontal 
lines; the frame time (the time required to scan all diodes once) 
was 1/30 second. The video bandwidth was about 1 MHz, and the 
picture was displayed on a TV monitor . 

Provision was also made for blanking off the electron beam, al- 
lowing only every iVth frame to be read. This technique, described 
as "JV:1 frame delay," allows the diodes longer between sweeps to 
lose charge in response to X-ray flux; thus within limits it increases 
the magnitude of the video signal obtained by increasing the integra- 
tion time of the camera tube. This is simply analogous to using a 
longer exposure time in photographic work. The result is increased 
contrast in the displayed image. 

The normal diode leakage current is also integrated; however, the 
extra dark current signal that results is not deleterious for storage 
times up to ~1 sec. After a sufficiently long delay all diodes will dis- 
charge completely because of leakage, regardless of X-ray signal; 
thus excessive frame delay reduces picture contrast. The other un- 
desirable feature of excessive frame delay is that moving objects will 
blur when frame delay is too long. In the early stages of the experi- 
ment, very long frame delays were subjectively unpleasant to use 
because the picture would only be displayed a few times a second, 
leading to flicker; however, this effect has now been minimized by 
using a long-persistence cathode-ray-tube in the monitor and could 
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be eliminated completely by using a storage tube for repetitive dis- 
play of the same frame. 

The diode array target is ordinarily mounted inside the camera 
tube vacuum envelope behind a glass window 0.100 inch thick. Since 
that thickness of glass would have introduced excessive attenuation 
of X-radiation, for X-ray use the tubes were assembled without mount- 
ing a diode array in the tube. The glass window of the tube was re- 
placed with a copper plate in which a hole of % inch diameter was 
drilled. The diode array target was attached to the outside of the 
window, covering this hole, with Delta-Bond adhesive,* a high-tem- 
perature epoxy with clean vacuum characteristics. The tube was proc- 
essed at a temperature of 190°C. Thus the diode array target itself 
served as the tube window and had to support the tube vacuum 
against atmospheric pressure. The target used in this work had a 
mechanically measured thickness ranging from 0.0104 to 0.0109 cm 
and a phosphorous diffusion at the back surface to reduce the hole 
recombination velocity at the surface. Because of dimpling in the 
target, resulting from the pressure difference, and the lack of beveling 
around the hole, causing distortion in the electric field between the 
last focusing element and the target, the electron beam could only 
provide uniform sensitivity over an area about % inch in diameter 
on the target. Other tubes have now been constructed which avoid 
target distortion by using a beryllium or mylar window to hold the 
vacuum, allowing the target to be mounted inside the tube more or 
less conventionally. The usable sensitive area of the target in such 
tubes is the size of the entire diode array (1.34 X 1.34 cm in the 
present design) . 

III. CALIBRATION OF A MONOCHROMATIC HIGH-INTENSITY X-RAY SOURCE 

A fluorescence X-ray tube with a copper anode was used to excite 
characteristic X-radiation from nine different samples, ranging in 
atomic number from vanadium to tellurium, as indicated in Table I. 
This radiation passed through a brass collimator 4 inches long with 
a %o inch inside diameter, into which brass tubes of smaller inside 
diameter could be inserted to provide further collimation. The detec- 
tor was positioned so that its window was 2.01 cm from the collimator. 
To reduce the energy spread of the resulting radiation an appropriate 
absorbing foil was introduced into the output beam, consisting of an 
element with a critical absorption energy just above the K« lines of 



* Wakefield Engineering, Inc., Wakefield, Mass. 
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the radiator being used. It was determined by using a proportional 
counter with a multichannel pulse-height analyzer that the absorbing 
foil removed not only a great deal of X-radiation at lower energies, 
but also greatly attenuated the K/? lines produced by the radiator. 
Thus the transmitted radiation was essentially monochromatic, con- 
sisting only of the K« lines of the radiator being used, and ranged in 
energy from 4.95 keV (2.5 A wavelength) to 27.3 keV (0.45 A wave- 
length) . 

Once combinations of radiators and foils had been selected to pro- 
vide X-radiation only in narrow spectral ranges, it was necessary to 
calibrate the absolute intensity of the output beam. This was done 
using a scintillation counter with a Siemens GS-DM ZO/B X-ray 
detector. By using a cobalt radiator with varying numbers of 0.003 
inch aluminum absorbing foils, it was determined that this detection 
system reads 1 percent too low because of counter dead time loss at 
a count rate of 300,000 per minute; apertures were therefore chosen 
to keep all count rates on the Siemens detector below this level for 
the remainder of the measurements. 

The detector used for calibration was a General Electric SPG 
4 scintillation counter. The counting efficiencies used were calculated 
for a Nal crystal of nominal thickness 0.040 inch. Experiments are 
under way to establish an accurate experimental efficiency curve for 
this detector. 8 The efficiency of the Siemens detector was determined 
by comparison with the GE detector, using a crystal monochromator 
source, and was found to vary from 60.1 percent at vanadium to 88.6 
percent at tellurium. The peak efficiency was 90.5 percent for cadmium 
Ka; the efficiency was above 79 percent for all the wavelengths sub- 
sequently used except the vanadium Ka. 

Measurements were then made of the photons per second issuing 
from an aperture of diameter 0.020 inch for tube currents of 40, 11, 
and ~2 mA, using a full-wave rectified power source, with peak tube 
voltages of 40 and 50 kV. Background intensities were subtracted in all 
cases. The statistical precision of these measurements was adequate 
to give a fractional standard deviation (A r_% ) of 0.003 or less for each 
wavelength. 9 

In order to provide more X-ray intensity for detection by the silicon 
camera tube, a series of apertures of increasing size was used, finally 
arriving at an aperture 2.21 mm in diameter. The proportional counter 
was used to obtain intensity ratios between various apertures, and 
the final value for the intensity using the 2.21-mm aperture relative 
to that using the 0.020 inch aperture was determined to be 75.9, 
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with a calculated statistical precision of 3.5 percent. The maximum 
calibrated intensity available varied from 110,000 to 577,000 photons 
per second, depending upon the X-ray energy, as indicated in Table I. 
The particular combination of aperture, radiators, foil filters, detec- 
tor distance, and X-ray source measured thus provides a variable- 
energy monochromatic output of known intensity. If the instability 
of the power supply-detector combination is taken to be 0.2 percent, 
this indicates that the relative intensities available at different ener- 
gies are known with a standard deviation of 0.36 percent, and the 
absolute intensity at any given wavelength is known with a standard 
deviation of 3.5 percent. 

IV. MEASURED X-RAY SPECTRAL RESPONSE AND SENSITIVITY 

The camera tube was mounted with its diode array target 2.01 cm 
from the 2.21-mm aperture and the X-ray beam was chopped at 13 
cps using a lead chopper blade. The video signal was synchronously 
detected to provide greater measurement accuracy. It was verified 
that the video signal obtained did not change when the size of the 
scanned area on the diode array was increased. The magnitude of 
the 13-cps signal was compared with the video signal measured with 
a dc meter without chopping the X-ray beam; the rms deviation in 
this calibration factor was found to be 3.8 percent. This introduces 
an error in the absolute scale of the measurements, in addition to 
the 3.5 percent resulting from errors in measuring intensity ratios 
using different apertures. 

The noise in the synchronous detector signal had an rms value of 
0.2 microvolts. An X-ray beam whose intensity was just sufficient 
to give a signal on the synchronous detector equal to this noise level, 
if directed onto the camera tube without chopping, would have given 
a dc video current of 0.79 pA. Since video currents of about a nano- 
ampere were required to produce a strong image on the monitor with 
the beam size used here, many of the X-ray intensities measured 
therefore did not produce a visible spot on the monitor. The error 
bars indicated in the graphs indicate the range of values represented 
by this error of 0.2 microvolts, since the 0.36 percent error in the 
relative calibration of the X-ray source was too small to affect the 
accuracy of these measurements. The overall presumed accuracy of 
[(3.5) 2 + (3.8) 2 ] Vj = 5.2 percent is not indicated in the figures but 
should apply to the absolute magnitude of the measurements. 

Figure 1 indicates the dc response of the diode array camera tube 
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Fig. 1 — Video electrons collected by, tube No. TN-84 as a function of incident 
X-ray energy. 

as deduced from the synchronous detector measurements. Since the 
number of hole-electron pairs produced when an X-ray photon is 
absorbed is a linear function of the available photon energy, it was 
felt that it was most meaningful to plot numbers of collected electrons 
as a function of photon energy rather than photon wavelength. Figure 
1 gives the number of video electrons collected per incident X-ray 
photon and per keV of incident X-ray photon energy. 

V. DETERMINATION OF TARGET SUBSTRATE PARAMETERS 

In order to extract information more indicative of the physical 
processes leading to the X-ray detection, some further processing of 
this data is necessary. If information can be extracted about the 
intrinsic quantum efficiency of the detection process, then the prac- 
tical performance of diode array targets of various thicknesses and 
various physical properties can be estimated. In this section the hole 
lifetime and surface recombination velocity are determined for the 
target used in our experiments. 
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One piece of information necessary for this computation is the 
absorption coefficient of the diode array target for the various wave- 
lengths of X-rays used. This information is well known, and for this 
work was taken from a table published by Philips Electronic Instru- 
ments. 10 

It is also necessary to know the distribution in position of the holes 
generated in the silicon when an X-ray photon is absorbed. This is 
relatively simple to determine under the assumption that the X-ray 
photon upon absorption produces a very fast electron carrying most 
of the photon's energy ; this electron then produces many hole-electron 
pairs as it loses energy. The rate of production of the fast electrons 
decreases exponentially with distance as the X-ray beam is absorbed; 
thus the rate of hole production will also have this exponential pro- 
file, spread out slightly by the range of the fast electrons in the 
silicon substrate. However, an estimate of the range of fast electrons 
of the appropriate energy yields values less than 5 percent of the 
1/e absorption distance for X-rays in silicon in the energy range 
treated here. Thus a hole production rate that decays exponentially 
with distance will be assumed in this energy range. 

The last piece of information that is needed is the fraction of holes 
generated that are collected by the diode and thus lead to a video 
signal, for the exponentially decaying hole generation rate previously 
obtained. This can be determined fairly well as follows. The absorp- 
tion mechanism for photons in the near infrared is primarily hole- 
electron pair formation, the photon energy involved being sufficiently 
small that only one hole can be produced per photon absorbed. 
Moreover, different hole generation geometries can be obtained since 
the absorption coefficient of the silicon varies as a function of wave- 
length. To duplicate the X-ray absorption depths relevant to the 
measurements reported here, it would be necessary to use infrared 
light varying in wavelength from 0.87 to 1.11 microns. 11 

However, even though light and X-radiation are chosen having the 
same absorption depth in silicon, the hole generation geometry may 
differ in the two cases. Unless the absorption coefficient is sufficiently 
great that virtually all of the light is absorbed in a single pass 
through the target substrate, light will be reflected from the surface 
at which the diodes are located, changing the simple exponential 
spatial dependence of the hole generation rate to some more compli- 
cated form, and making the hole generation geometry different for 
the light and the X-rays. Since absorption and optical interference 
are known to take place 12 in the oxide-resistive overlay region, even 
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the reflectivity of the diode surface of the substrate is complicated 
and wavelength-dependent. 

Crowell and Labuda have developed a recombination-diffusion 
model for hole collection in a diode array target which is valid for 
light in the visible part of the spectrum, where multiple internal 
reflections may be ignored. 13 The measured optical collection ef- 
ficiency of the diode array target in this wavelength range can be 
used to determine sufficiently accurately the two parameters required 
in this model, namely, the hole lifetime in the substrate and the hole 
recombination velocity at the illuminated side of the target. Although 
the collection efficiency predicted by the model becomes invalid when 
applied to infrared light, it is perfectly valid for X-rays of all wave- 
lengths, since X-radiation maintains the exponential hole generation 
geometry regardless of the absorption of the substrate because the 
X-rays are not appreciably reflected at the surfaces of the silicon. 
Crowell and Labuda's collection efficiency model was applied to the 
X-ray camera tube to determine the necessary target parameters. 

First, measurements were made of the number of video electrons 
collected per incident photon for light in the wavelength range 0.46 
to 1.15 microns. Since A. J. Chick's computer calculations of the 
collection efficiency predicted by Crowell and Labuda's theory did 
not include the effects of reflection at the silicon-air interface and 
the "dead layer" 14 - in at the illuminated side of the silicon target, the 
measured collection efficiency was corrected before comparing with 
the theoretical curves. 

The measured collection efficiency was first multiplied by a factor, 
exp(+aL rf ), to eliminate effects resulting from absorption in a "dead 
layer" of thickness L d = 0.2 /*m. The absorption coefficient a of 
silicon for visible light was taken from published data. 11 The meas- 
ured collection efficiency was further increased by 1/(1 — R) to 
correct for reflection at the silicon surface, using published values of 
the reflectivity of silicon. 16 This yielded the open data points shown 
in Fig. 2, which represent as accurately as possible the number of 
video electrons collected per optical photon passing through the dead 
layer into the active region of the substrate. 

The reflectivity of the diode array was measured, as described in the 
Appendix, to verify that the reflectivity corrections being made were 
accurate. If the measured values of reflectivity are used to obtain the 
collection efficiency for wavelengths greater than 1 fim in Fig. 2, the 
two solid data points are obtained. However, Crowell and Labuda's 
theory neglects internal reflections. Thus the corrected values of col- 
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Fig. 2 — The data points represent measured values of collection efficiency 
for tube No. TN-84, corrected for reflectivity and dead layer absorption as 
discussed in the text. The solid data points use measured values of reflectivity 
rather than published values. The solid curve gives the predictions of Labuda's 
theory, which is expected to be valid only at wavelengths shorter than ~0.93/xm 
because of its neglect of internal reflections. 



lection efficiency shown in Fig. 2 may be used only at sufficiently short 
wavelengths such that the exponential hole profile within the substrate 
caused by the incident photons is not distorted by internal reflection 
from the diode surface of the target. To keep the intensity of light 
arriving at the diodes below 5 percent of that entering the target, the 
target thickness must be about three times the 1/e absorption depth. 
In the present target, with thickness of about 0.0107 cm, this requires 
considering in Fig. 2 only those wavelengths shorter than «^0.93 jum. 

The predictions of Crowell and Labuda's theory were then cal- 
culated for various values of hole lifetime t and surface recombina- 
tion velocity S. The depletion layer depth was taken to be 5 /xm, a 
typical value for the conditions of vidicon operation (substrate resis- 
tivity 10 ohm-cm, target voltage 5-10 volts). 17 The theoretical pre- 
dictions were compared with the experimental data as follows. 

Computed collection efficiency curves were drawn for a large num- 
ber of values of S, ranging from 50 to 1000 cm per second, with r 
ranging from 5 />isec to 10 msec. These ranges of values were known 
from previous work to include any values of the parameters which 
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might be encountered. The values of the collection efficiency at 0.50 
fim wavelength and at its maximum were found to give good dis- 
crimination between the curves, and the values of <S(cm/sec), r(fisec) 
selected for further comparison were: (50, 11), (70, 12), (100, 12), 
(100, 13), (140, 13), and (140, 14). The rms deviations of these 
curves from the measured values (with oscillatory behavior removed 
as discussed in the Appendix) were calculated for wavelengths 0.50, 
0.65, 0.80, and 0.90 /urn, and the maximum value. Only one curve 
was found to agree within one averaged deviation at as many as four 
of these points; moreover, at the remaining point it was still only 
1.35 averaged derivations away from the measured value. 

The values determined by selecting this curve as the best fit were 
r = 12(±0.5) /xsec and S = 70( — 10, +15) cm per second. This is shown 
as the solid curve in Fig. 2. The uncertainties quoted assume a probable 
error of half the interval to the next closest values of £ or t examined. 
These values are consistent with the values r = 10 /zsec, S £b 50 cm per 
second found by Buck, Casey, Dalton, and Yamin in similar diode array 
targets. 14 The hole diffusion coefficient D in silicon has been taken 
as 10 cm 2 per second 18 . 

VI. CALCULATED SPECTRAL RESPONSE OF DIODE ARRAY TARGETS 

Using the values determined above for the hole lifetime and surface 
recombination velocity, a predicted X-ray quantum efficiency may be 
calculated for comparison with the measured values in Fig. 1. This 
is done for a variety of target thicknesses to provide an estimate of 
how the collection efficiency would be expected to change with target 
thickness, since it would be desirable for many applications to extend 
the spectral response to higher X-ray photon energies. 

First, an upper limit to the number of video electrons collected 
per incident photon may be calculated, which will ultimately limit 
the performance of any silicon diode array target which does not 
incorporate heavier elements in substantial quantities. This is ob- 
tained by assuming that the holes produced by every X-ray quantum 
absorbed in the target are all collected, so that the limitation on 
quantum efficiency at low energies is the smaller energy per photon 
available for making hole-electron pairs, and at higher energies is the 
lack of absorption of these X-ray photons by silicon. Specifically, 
the fraction of X-ray photons absorbed by the target is obtained 
using published X-ray absorption coefficients for silicon. 10 It is then 
assumed that each 3.50 eV of energy in an absorbed photon leads 
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to a video electron. Such a calculation is consistent with a model 
which assumes that virtually all of the photon energy is transferred 
to an electron upon absorption; this fast electron produces hole- 
electron pairs as it decelerates (expending for each pair the value 
3.50 eV) , 1B all of the resulting holes are collected. 

Such a calculation leads to the collection efficiency curves in Fig. 
3, which give an upper limit to the quantum efficiency that could 
be anticipated using any target principally composed of silicon. The 
rise in collection efficiency in the 100 keV range occurs because the 
absorption coefficient of silicon, which drops approximately as E~ 3 
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for X-ray energies in the range 2 to 30 keV, drops less rapidly at 
higher energies, falling at a rate slower than 1/E above 85 keV. This 
slower drop is more than compensated for by the greater energy 
available per photon which, of course, rises linearly with E. How- 
ever, since this increased absorption occurs from Compton scattering 
rather than the photoelectric effect, it may be less efficient at pro- 
ducing hole-electron pairs. 

The additional information, provided by the values t = 12 //.sec 
and S = 70 cm per second obtained in the previous section, permit 
more specific calculations to be made for the conventional type of 
diode array target having a "dead layer" of thickness 0.2 /mi, with 
holes generated in the substrate either diffusing to a diode and being 
collected, recombining in the volume, or diffusing to the illuminated 
side of the target and recombining with electrons without leading to 
a video signal. The depletion layer thickness will again be assumed 
to be 5 fiva. 

The calculation is made using Crowell and Labuba's collection 
efficiency theory, corrected for the presence of the dead layer, again 
assuming that every 3.50 eV of absorbed X-ray energy leads to the 
production of a hole. A computer program by A. J. Chick using this 
theory leads to the curves in Fig. 4, which predicts the actual X-ray 
collection efficiency that should be observed using silicon diode array 
targets of various thicknesses, with the substrate parameters taken 
to be r = 12 ^sec, 8 = 70 cm per second. 

Notice that the target thickness yielding the greatest collection effi- 
ciency is about one hole diffusion length L D in thickness, since L D = 
(Dr) h PH 4 mils. The experimental points indicated in Fig. 4 for tube 
No. TN-84, with target thickness 4 mils, are «20 percent lower than 
the calculated values. This discrepancy may arise from error in estimat- 
ing the dead layer thickness, lack of accurate experimental calibration 
of the X-ray source, and neglect of excess recombination 20 in the 
theoretical treatment. Other contributing factors may be electrons lost 
by photoemission at either surface of the target and a ±5 percent 
uncertainty in the mechanical measurement of the target thickness. 

One final curve of some interest is the quotient of the theoretical 
predictions of Figs. 4 and 3. Since Fig. 3 gives essentially the total 
number of holes generated per incident photon and Fig. 4 gives the 
number of electrons collected per incident photon, the quotient of 
these values is the fraction of generated holes which are usefully 
collected by the diodes. This number, referred to here as the "geome- 
trical efficiency" of the target, depends only upon the geometry of 
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Fig. 4 — Collection efficiency for X rays as a function of X-ray energy, 
predicted by theory. Values measured for tube No. TN-84 are indicated. 

the collection: absorption coefficient, substrate parameters, and target 
geometry. It is shown in Fig. 5 as a function of absorption coefficient, 
and the values presented apply to both X-ray detection and visible 
light detection, so long as the exponential hole generation geometry 
is maintained. Corresponding X-ray energies and optical wavelengths 
are indicated in the figure. As expected, the geometrical efficiency 
asymptotes to its maximum value when the absorption coefficient 
becomes so small that the hole generation is essentially uniform 
throughout the target volume. 



VII. COMPARATIVE EVALUATION OF VARIOUS X-RAY IMAGING TECHNIQUES 

The X-ray imaging devices known to the authors may be classified 
into the following categories: 
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OPTICAL WAVELENGTH IN MICRONS 
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Fig. 5 — Geometrical efficiency of silicon targets of various thicknesses for 
visible light and X-radiation, assuming a dead layer of 0.2/*m and strictly ex- 
ponential hole generation. 

(i) Film— Film may be directly sensitive to X-radiation or make 
use of a phosphor screen placed in close contact with the film. 

(ii) Direct fluoroscopy — A fluorescent screen is viewed directly by 
a dark-adapted observer. 

(Hi) Image-intensified fluoroscopy— Systems in this category seem 
to have the common feature that image amplification occurs without 
dissecting the image sequentially. A conventional technique of this 
type uses a fluorescent screen in intimate contact with a photoemitter, 
taking the emitted electrons by electron focusing and minification to 
produce a brighter image on a cathodoluminiscent phosphor screen, 
which in turn may be viewed directly or imaged with a television 
system first. In this category would fall direct photoemission by 
X-rays, with later electron imaging. Another modification would 
replace the electron imaging stage by a solid-state image intensifier. 

(iv) Flying spot tubes — A collimated X-ray beam is periodically 
scanned across an object to be examined, and a detector of high 
counting efficiency collects essentially all photons penetrating the 
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object. Although this is strictly speaking not an imaging system, it 
serves the same function for certain applications (for example, med- 
ical and radiographic) and therefore is to be considered competitive 
for such applications. 

(v) Scanned-image camera tubes — These systems use sequential 
image dissection with subsequent electronic amplification. The tubes 
that have been constructed of this type use an electron beam to scan 
a photosensitive surface, usually a photoconductor. The diode array 
camera tube is in this category. 

Qualitative comparisons among some of these systems have been 
given in the past. 21-30 The present discussion will be more quantitative 
and relate to specific practical applications. 

7.1 Microscopy 

The resolution element d is defined so that the modulation transfer 
function of the system is 50 percent at a spatial frequency of l/2d 
line pairs per unit distance. The resolution obtainable with standard 
X-ray film is about a ju,m, 31, S2 and films of finer grain are avail- 
able. Although film does not permit real-time viewing, it is still the 
most convenient choice for many applications, and can be used for 
motion studies by using a movie camera or a rotating film drum. The 
resolution of fluoroscopic screens ranges from 0.4 to 0.7 mm; 22, 29 - 33 ~ 35 
these are inappropriate for very fine imaging. 

In scanned-image camera tubes a practical limitation likely to be 
encountered is bandwidth and electron beam spot size. Bandwidth is 
not too severe a limitation upon resolution, since it only limits the 
number of resolution elements in the picture (for a fixed frame time) 
rather than their size. Thus, finer detail may be observed at the 
sacrifice of viewing a smaller area of the image. 

The limitation on electron beam spot size is more basic but again 
tradeoffs can be made. From Pierce, 30 the current density at a picture 
element, assuming an ideal lens, is 

j.pot = icathode(l + <*•) Sin' 6. (1) 

In this equation, 

* = eV/kT, (2) 

with V the target potential with respect to the cathode and T the 
cathode temperature. 6 is the maximum angle with respect to the target 
normal which the paths of arriving electrons make, and ; oa thod. is the 
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emission current density at the cathode. For an approximate calcula- 
tion one may take V PH 1 volt, and kT/e ^ 0.1 volt, so that 1 + $ « 10. 
In practical devices an appropriate value is sin 6 = 0.1. The current 
density available from a CPC cathode (a typical choice for diode array 
camera tubes) as measured by MacNair is j ont hod e = 2.5 A/cm 2 ; 37 this 
cannot be bettered by more than about a factor of four, and then only 
at the expnse of operating lifetime. 37 Thus a practical limitation is 

; SP ot = i m Jd 2 m 0.25 A/cm 2 . (3) 

For example, in tubes now available the maximum beam current is 
about imax = 6 /J.A, giving a minimum spot size of d ^;50 ^m, which 
agrees approximately with experience. 38 

In an electron beam scanned device, therefore, a spot size d = 5 
/xm, according to these considerations, permits only the relatively 
small amount of beam current im ax — 60 nA; because of secondary 
electron emission, the maximum signal current available is still less. 
Practical difficulties in design, because of nonideal imaging, may make 
such small spot sizes hard to achieve. Thus, dynamic range must be 
sacrificed to get very high resolution with such a device. 

The problem of lateral diffusion of carriers is particularly trouble- 
some in connection with high resolution camera tubes. In the case 
of a diode array device there is virtually no electric field in the target 
substrate and carriers simply diffuse to the diodes. For an S = sur- 
face 13 and lower energy X-rays, with the carriers generated near the 
surface, the carriers will, on the average, diffuse laterally a distance 
equal to the thickness t of the target while they diffuse an equal dis- 
tance t to the depletion region of the diode. This lateral spread would 
give a picture element of approximate size d = 2t. This will only be 
slightly reduced (to perhaps 1.50 for X-rays of higher energy, even 
when a finite surface recombination velocity is taken into account. 
Since the minimum thickness for a self-supported target is about 10 
/i.m at present, the attainable resolution for such a target is only 
about 15-20 pm. Higher resolution would probably suggest a thinner 
target, mounted on a beryllium entrance window. Similar considera- 
tions apply to other possible target materials, such as amorphous 
selenium,* PbO, or CdS (See Refs. 39 and 40, 21 and 41, and 21, 
respectively). However, these latter materials are not generally 
fabricated to be self-supported as is the diode array target. 

Another effect that can be of some importance in determining the 



* Westinghouse Type WX-5129 X-Ray Vidicon, Westinghouse Electric Cor- 
poration, Electronic Tube Division, Elmira, N. Y. 
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resolution arises from the nature of the primary photoprocess. Since 
a single fast photoelectron is produced when an X-ray quantum is 
absorbed, and since the velocity of that electron may have any di- 
rection with respect to the direction of photon incidence, the finite 
range of that electron's energy loss means that carriers are produced 
approximately throughout a sphere whose radius is the range of the 
hot electron in the substrate. The resolution element d will be taken 
to the diameter of that sphere. For example, in silicon an approximate 
value is 7 

d = 0.028[^(keV)] 1 - 65 /xm. (4) 

This formula is quoted as having validity in the range 2 to 20 keV. 7 
Since a similar formula given for the range of electrons in aluminum 
(only one less in atomic number than silicon) yields a value for range 
of 32.3 /im at 100 keV, not too far different from the measured value 
£^55 /xm, it is reasonable to expect that the expression for silicon also 
retains validity to higher energies than 20 keV. This would indicate, 
in the case of silicon, a picture element of size d = 3.9 /mi at 20 keV, 
increasing to 23.S /xm at 60 keV. The range for electrons would be 
expected to be smaller 42 for heavier target materials such as selenium, 
CdS, or PbO. 

Finally, it is also possible that such effects as generation of sec- 
ondary X-radiation and Compton scattering could impair resolution, 
especially at energies above 50 keV; these might have to be con- 
sidered in the design of a very high-resolution camera tube. 

The X-ray camera tube in its present form has an estimated resolu- 
tion of about 25 /xm. Depending upon the energy and intensity of the 
X-rays to be detected, the foregoing discussion indicates that this 
probably cannot be reduced to less than 5 or 10 /xm in a camera tube 
of this type. 

7.2 Medical Applications 

For medical imaging applications it is desirable to have a large 
sensitive area (at least 6", preferably 12" in diameter) 34 - 43 - 44 and 
good video response to high energy X-rays, a typical effective X-ray 
energy being 60 keV. The former constraint does not apply to dental 
work. In addition, it is particularly necessary to minimize the dose to 
the patient by making effective use of as many incident X-ray photons 
as possible. 

Film meets all these requirements most effectively when only a 
single picture needs to be made and when development time is not a 
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consideration. However, it is not practical for motion studies because 
of the inconvenience of sequentially exposing such large areas on suc- 
cessive frames of film. 

Although direct fluoroscopy is very efficient in producing an optical 
image from the incident X-radiation, the eye is an inefficient gatherer 
of light and thus loses much of the advantage gained by the high 
quantum efficiency of the fluorescent screen. 22-24 Although the fraction 
/ of usefully absorbed photons may be as high as 0.65, so that the 
majority of the incident X-ray photons are effective in producing 
visible quanta, each incident X-ray photon leads only to ^ 10" 3 optical 
photons at the retina of the eye, so the effective / of the system must 
be taken to be this much smaller value. 22,24 Since this fraction / deter- 
mines the amount of information transmitted by the detected photons, as 
pointed out by Rose, 48 for an / of 10" 3 the statistical fluctuations in 
the detected signal are so great that only one-thousandth of the in- 
formation contained in the incident photon flux is transmitted through 
the detection system. 

When an image intensifier is used, the number of quanta per pic- 
ture element never falls below the number originally usefully ab- 
sorbed; the various stages of transmitting the picture information 
in the image intensifier system only act to increase the number of 
quanta per picture element, and even with the inefficiency of the 
eye's optics the number of photons reaching the retina is typically 
still an order of magnitude higher than the number of X-ray photons 
usefully absorbed. 22 Values of / for an image intensifier system could 
be as high as ^0.65, depending upon X-ray photon energy, since the 
primaiy photoprocess uses this fraction of incident photons in direct 
fluoroscopy. However, in practice, thinner fluorescent screens are used 
in order to improve the resolving power of the system. Depending 
upon the energy of X-rays and the resolution required, values of 
/ from 0.01 to 0.55 (but usually below 0.1) have been reported in these 
systems. 22 - 2i - 20 - 40 - 47 A useful compromise providing better resolution 
than direct fluoroscopy but still having a much higher effective / 
might be estimated to have / = 0.1. 

Notice that with / = 0.1 only one photon in ten is detected. Thus 
even though the image intensifier display exhibits genuine quantum 
noise, it should be possible to reduce the dose to the patient a factor 
of ten without impairing the picture quality. 

In addition to the present work, the usefulness of the silicon diode 
array camera tube for detecting X-rays in this energy range (^60 keV) 
has been demonstrated by Harpster and Jacoby. 48 To compute the 
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efficiency of the silicon tube and other photoconductive camera tubes 
(using PbO, CdS, and Se targets), it is first necessary to discuss some 
aspects of camera tubes using photoconducting targets. It has been 
shown, for example by Rose 49,50 and by Redington, 51 that the require- 
ments of short response time (low "lag"), low dark current, and high 
photoconductive gain (referred to here as the geometrical efficiency g) 
cannot be simultaneously satisfied using ohmic contacts. The only 
way to keep g fairly large consistently with the other requirements is 
to use "blocking" contacts. Since these do not inject additional carriers 
from the electrodes the dark current can thus be kept acceptably low. 

When a blocking contact is used, there is a depletion region ad- 
jacent to the contact, across which appears the voltage drop which is 
applied to the target. Carriers generated in this region are efficiently 
collected because of the electric field present, but carriers generated 
outside this region must diffuse to the depletion region before recom- 
bining if they are to be collected. Although the width of the depletion 
region can be widened by increasing the target voltage, in practice it 
is not generally possible to extend the depletion region throughout the 
target thickness because carrier injection will occur at higher voltages. 
This carrier injection increases dark current, and makes the contact 
effectively ohmic rather than blocking. Thus, although contacts to 
amorphous selenium X-ray vidicon targets are blocking in nature, 
the width of the depletion region is sufficiently small that most car- 
riers are collected by diffusion rather than by being swept through a 
region by an electric field. This would explain why the optimum tar- 
get thickness reported by Smith 40 was approximately equal to the 
carrier diffusion length, and is also consistent with depletion layer 
thicknesses discussed by Rose 40 and van den Broek. 52 

Since blocking contacts have been achieved in PbO, 52 amorphous 
selenium, 40 and CdS, 53 it is certainly possible to construct X-ray 
camera tubes, using such target materials, in which carriers are col- 
lected by diffusion to the electrodes, although the fabrication of the 
contacts may give some practical difficulty. Therefore such camera 
tubes can be easily compared with the silicon diode array tube since 
the method of carrier collection is similar and the same restraints 
that apply to the silicon tube (limited target thickness to prevent 
lateral diffusion of carriers and consequent resolution loss, and to 
prevent loss of carriers by volume recombination before collection) 
will also apply to these tubes. 

If blocking contacts can be maintained at sufficiently high voltages 
that the depletion region can be extended through the target thick- 
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ness, the sensitivity will be much greater than estimated here. Such 
contacts were apparently not obtained in the work reported by Smith 
on amorphous selenium targets. 40 In the case of PbO films, the au- 
thors are not aware of X-ray measurements reported in sufficient de- 
tail to determine the mechanism of carrier collection. 

The applicability of various camera tube targets to medical X-ray 
detection can be assessed under the assumption that the generated 
carriers diffuse to the target surface and are collected there. The targets 
will be assumed to be as thick as possible so that as much of the incident 
radiation as possible can be used. Specifically, the target thickness will 
be taken to be ten times the diffusion length for minority carriers in 
the particular substrate being considered. This is as thick as can be 
allowed if each absorbed photon is to produce at least several collectable 
carriers, since e~ 10 F& 10~ 4 and since a 60 keV photon produces around 
10 4 carriers in each of these materials. In any case, this manner of 
choosing the thickness is sufficiently general to provide some sort of 
meaningful comparison, particularly since the geometrical efficiency 
g should be similar for all four types of targets, as discussed in connec- 
tion with Table III. A comparison of these types of camera tubes 
appears in Table II. 

According to results obtained in Section 7.1, the resolution of such 
camera tubes would be expected to be better than the 0.4 mm obtain- 
able with fluorescent screens, since such screens are subject to lateral 



Table II — Comparison of Camera Tubes For 
Medical Applications 



Substrate Material 


Diffusion 

Length 

pin 


Target 

Thickness 

pin 


X-ray Photon Energy 


40 keV 


eukeV 




a, Jim"' 


f 


a, iita~ l 


f 


PbO (tetragonal) 
Se (amorphous) 
CdS (n-type) 
Si (n-type) 


1.2* 

lot 

6.4«1 
110|| 


12 

100 

64 

1100 


0.0132f 
0. 00365 § 
0. 00703 f 
0.000176§ 


0.147 
0.306 
0.362 
0.176 


0. 00492 t 
0.00115§ 
0. 00256 f 
0. 00008 § 


0.0573 
0.109 
0.151 
0.084 



* See Ref. 56. 

f See Ref. 57. 

J See Ref. 40, p. 352. 

§ See Ref. 10. 

If Reported values differ by about a factor of two, but the value given here is 
typical. It is obtained from the equation L = (Dt) 112 using a hole diffusion constant 
D = 0.27 cm 2 /sec and hole lifetime t = 1.5 /*sec. These values are given by 
I. Broser, Physics and Chemistry of II-VI Compounds, ed. M. Aven and J. S. Prener, 
New York: John Wiley and Sons — Interscience, 1967, p. 520. 

II Calculated from measurements reported in Fig. 2 of this paper. 
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light scattering. The values of absorption coefficient a for X-rays, as 
indicated, are given in inverse /xin. The fraction of photons usefully 
detected is taken to be simply / = 1 — exp(— at) for thickness t. 

The table indicates that only using CdS in a scanned image tube 
offers hope of improvement in usable fraction / over conventional opti- 
cal image-intensifier systems as long as carrier collection depends 
upon diffusion. Its combination of high density and ease of fabrication 
makes it a possible candidate for medical applications. A silicon target 
has not only the disadvantage of a lower /, but the problems con- 
nected with a higher dark current, as discussed in the following sec- 
tion. 

However, the very best imaging device for medical applications re- 
mains the final possibility considered here, the flying spot X-ray sys- 
tem. Although the production of X-radiation by such a system is 
necessarily very inefficient, about 90 percent of the photons trans- 
mitted by the patient can be detected with certainty, and thus this 
system is to be preferred if cutting the dose to the patient is the prin- 
cipal consideration. However, the practical difficulties of producing 
sufficient X-ray intensity in a scanned X-ray beam seem to still re- 
main an essential limitation to the method. Discussions of this sys- 
tem appear in Refs. 23, 27, and 54. 

7.3 X-Ray Diffraction and Other Applications 

The type of application toward which this section is oriented is the 
case of an X-ray image of limited intensity which is to be detected as 
conveniently as possible. A typical application in mind here is that 
of Laue diffraction work. Another, usually applicable to higher en- 
ergy X-radiation, is industrial radiography. 

As in the case of many other applications, film is useful but not 
always the optimum detector. Its variable exposure time gives it 
effectively a very wide dynamic range, but it is highly nonlinear 
(gamma ?* 1) S5 and relative intensities cannot be easily measured. 28 
The desire to see a picture more rapidly, either by reducing exposure 
time or eliminating the developing process, or both, provides motiva- 
tion to consider other imaging systems. Moreover, the increased sensi- 
tivity provided by alternate systems for low energy X-radiation may 
permit imaging in cases where the required film exposure time would 
lead to excessive fogging. 

Image intensifier systems have been used in the past in such applica- 
tions as Laue diffraction work, to allow continuous monitoring of the 
diffraction pattern as a crystal is oriented. 23 ,35,47 The inherent limita- 
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tion in these systems is their limited resolution of d « 0.4 mm, owing 
in part to lateral scattering of light. 22 

Scanned-image tubes can improve upon resolution, permitting ori- 
entation of very small crystals (requiring more highly collimated 
beams) or more accurate measurement of larger crystals than would 
be possible with an image intensifier system. Because of unity gamma, 
relative intensities at a given X-ray energy may be measured elec- 
tronically. In addition, the integration time during which the image 
is being accumulated in the charge pattern on the target can be varied 
electronically, corresponding to varying the exposure time when us- 
ing film. 

There are several ways in which scanned-image camera tubes may 
be compared. The points of comparison are charge storage time, sen- 
sitivity, and convenience. Since, in a tube without electron multipli- 
cation, amplifier noise usually dominates, comparison of sensitivity 
also constitutes an evaluation of signal-to-noise ratio or picture 
quality. 

The difference between the applications currently under discussion 
and medical applications is that rather than there being a limitation 
upon total number of photons incident upon the viewed object, there 
is instead a limitation upon the total photon flux rate available to 
illuminate it. Thus the number of incident photons per picture element 
is proportional to the integration time t< which is used to accumulate 
the picture. Since the signal increases linearly with r, but the noise 
increases no faster than the square root of t,, it is advantageous to use 
the longest integration time that is consistent with linear system response 
and operator convenience. If changes in the image are to be observed, 
for example changes in a Laue pattern as a crystal is oriented, it is 
probably desirable that the integration time not exceed ^1 second, 
and frequently preferable to make it even less, say 0.1 second. 

Since the integration time may be arbitrarily increased without 
changing frame time by frame delay, as described in Section II, the 
maximum integration time that can be used is determined simply by 
the duration of time for which charge can be stored on a picture 
element. In the case of a photoconducting camera tube this time 
constant can be very long. Charge storage times longer than 2 min- 
utes have been reported for tubes with amorphous selenium targets, 40 
and similarly long storage times should apply to photoconductors with 
such high dark resistivities as PbO 56 and CdS. 

In a diode array target, the dark leakage current determines the 
charge storage time. For tube No. TN-84, it was found that the dark 
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current was a linear function of the quantity (V T — 1.5 volts) over 
the range 1.5 £ V T < 6 volts. It will be assumed that an appropriate 
model for the effect of the dark current is therefore a resistance R 
connected across the diode capacitance C. Because of the nature of the 
photo-process, absorbed photons may be represented by a current 
generator. The electron beam is represented by a battery of voltage 
V = V T — 1.5 and a switch whose momentary closure represents the 
scan of the electron beam across the diode in question. The current 
through the battery is the video current. This extremely simple equiv- 
alent circuit is shown in Fig. 6. 

Consider the following experiment: The electron beam is blanked 
off at t = 0, just after reading a frame, and after a time t a source of 
optical or X-ray photons is flashed briefly on. This source is con- 
fined to a limited area of the target so that both light and dark sig- 
nals are available for comparison. Now after an additional time T 
during which there is no photon source and still no electron beam, the 
electron beam is again turned on and allowed to scan. As the electron 
beam sweeps the target, the integrated current flowing to both those 
regions without photon input and those with photon input is measured. 
The difference in these quantities will be called the signal amplitude. 

In terms of the equivalent circuit, consider that the circuit rep- 
resents a diode or picture element. Some fraction p of a frame time 
prior to t = 0, the switch was briefly closed and the capacitor ac- 
quired the battery potential. Then at time t the current generator 
furnished a unit pulse of charge. Then after time T plus an additional 
(1— p) frame times, the switch was briefly closed again and the 
charge passing from the battery to charge the capacitor was meas- 
ured. This constitutes a measurement of the video signal plus ac- 
cumulated dark current. The experiment is also repeated, but with- 
out the current generator pulse, to measure only the accumulated 
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Fig. 6 — Equivalent circuit for one picture element in a diode array camera tube. 
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dark current. The difference of these two measurements is again the 
signal amplitude. 

The reader may determine by a simple circuit analysis that T is 
varied the signal amplitude changes in proportion of exp( — T/RC). 
Thus by varying the frame delay time T it is possible the charge 
storage time t s = RC of the circuit. 

Such an experiment was carried out with the tube just described, 
No. TN-84, and it was found that the signal amplitude did decay ex- 
ponentially as a function of the frame delay time T. The only departure 
from exponential decay occurred at very long delays and was found to 
be caused by there being insufficient beam current available to com- 
pletely charge down the target after such a long-time loss of charge. 
The results were that the charge storage time was 0.184 ± 0.027 seconds 
at 27.5°C, increasing to 1.197 ± 0.341 seconds in the range 7 to 11°C. 
Since this target did not have diodes with low leakage currents, showing 
instead the relatively large dark current of 70 nA/cm 2 at 32 °C, other 
diode array targets should have even longer charge storage times. 
Charge storage times as long as ^85 seconds seem to be possible with 
better targets (this assumes a cooled target with dark current 0.1 nA/cm 
and a typical diode capacitance value of 2000 pF/cm 2 ). Storage times 
longer than about a minute are probably not needed in sequential 
imaging applications, since film is a convenient medium for such long 
exposure times. 

The result is that for typical sequential imaging applications both 
the silicon diode array and potential X-ray photoconductive target 
materials (selenium, CdS, and PbO) have sufficiently long charge 
storage times to be used. The next point taken for comparison be- 
tween different camera tubes will be sensitivity. 

As before, camera tubes will be compared assuming blocking con- 
tacts, but only a relatively thin depletion region, so that carriers must 
diffuse to an electrode for collection. To compare sensitivity, it will 
be assumed that the photosensitive target material is chosen to have 
the thickness of one carrier diffusion length to insure high collection 
efficiency. In the case of silicon this implies a target thickness of 
0.004 inch, which does lead to the very greatest sensitivity in the 
predicted curves of Fig. 4. For selenium this gives a target thickness 
of 10^, which agrees with the optimum target thickness reported by 
Smith. 40 The same assumptions will be made about CdS and PbO for 
this comparison. Obviously the question of optimum target thickness 
depends upon not only the bulk and surface properties of the mate- 
rials, but upon the energy of X-rays which it is desired to detect, and 
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the comparison here can only be qualitative. Nevertheless, it is in- 
structive to consider how the sensitivities of various types of camera 
tubes would compare for use in the lower energy region such as that 
appropriate for crystal diffraction studies; these assumptions offer 
a simple and unbiased means for evaluation. 

Another piece of information needed is the average energy, AE, 
required to free a carrier. Measured values are available for PbO, 
CdS, and silicon, but aparently not in the case of selenium. These 
energies typically seem to be roughly proportional to the band gap 
energy in the material, as shown in Table III and discussed some- 
what in Ref. 57. Thus a value of AE for selenium is estimated that is 
consistent with the other values and tends to be optimistic in its pre- 
dictions of sensitivity (that is, the value of AE is as small as would 
be consistent with other values in the table) . The typical energies for 
these applications are taken to be 10 keV and 25 keV for this com- 



Table III — Comparison of Camera Tubes For 
Low-Energy Imaging 





PbO 


Se 


CdS 


Si 


Substrate Material 


Tetragonal 


Amorphous 


n-type 


n-type 


Absorption discontinuities between 


13. 03-15. S6 


12.65 


26.712 


none 


5 and 30 keV* 


Lpb 


K S0 


Kca 




Target thickness t, /im( = diffusion 










length) f 


1.2 


10 


6.4 


110 


Carrier production energy, AE, in 










eV 


st 


«6.7§ 


«8.3H 


3.511 


Ratio of AE to band gap# 


3.48 


3.19 


3.46 


3.18 


Absorption coef. a, (um)"':t 










E = 10 keV 


0.1117 


0.0226 


0.0496 


0.00804 


E = 25 keV 


0.0465 


0.0134 


0.00431 


0.000576 


f = 1 — exp ( —at): 










E = 10 keV 


0.125 


0.202 


0.272 


0.586 


E = 25 keV 


0.054 


0.126 


0.027 


0.060 


Geometrical efficiency g 


— 


0.80** 


— 


0.88ft 


Relative response, S = fE/AE: 










E = 10 keV 


156 


302 


328 


1680 


E = 25 keV 


169 


470 


81 


428 



* Handbook of Chemistry and Physics, 48th ed., Chemical Rubber Company, 
p. E-125. 

t See Table II for references. 
t See Ref. 57. 

§ Estimated to make the ratio of AE to band-gap the same as for silicon, which 
constitutes an optimistic estimate for the purpose of estimating the overall sensitivity. 
If The average of the values 7.3 and 9.3 quoted by Lappe (Ref. 57). 
|| See Ref. 19. 

# Band gap energies are from R. H. Bube, Photoconductivity of Solids, New York: 
John Wiley & Sons, 1960, pp. 233-234. 

** For target thickness 0.001". See Ref. 39. 

ft From Fig. 6 of this article, with t = 0.004" and E = 10 and 25 keV. 
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parison, and the usable fraction of the incident photons f = 1 — 
exp(— at) can be calculated in terms of the absorption coefficient « 
and the thickness t of the target, as shown in Table III. 

The relevant target parameter that determines the size of the 
video signal is the product 77/. Since 77 is the number of video electrons 
collected per usefully absorbed X-ray photon, and since each photon 
produces a number of carriers equal to E/A.E, it follows that 

r, = gE/AE. (5) 

In this equation, g is the geometrical efficiency, the same quantity 
discussed in connection with Fig. 4, which was defined as the frac- 
tion of free carriers generated which lead to video current. Since the 
target thickness has been taken equal to the carrier diffusion length, 
the geometrical efficiency will be quite high, as may be determined 
from Fig. 4. Table III shows typical values for g for silicon and 
selenium. Because of the choice of target thicknesses, it is appropriate 
to assume that the geometrical efficiency will be close to unity for 
all the target materials here considered. Therefore, instead of compar- 
ing relative sensitivities on the basis of ??/ = gfE/AE, a meaningful 
comparison of sensitivity can be made by simply comparing the 
quantity 

S = fE/AE. (6) 

Thus a comparison of sensitivity between various scanned camera 
tubes for low-energy imaging can be made in a semiquantitative way 
by comparing a single sensitivity number S at the X-ray energies of 
interest. This has been done in the last two lines of Table III for 
X-ray energies of 10 and 25 keV. 

The PbO target performs poorly because of its extremely short 
carrier diffusion length, necessitating a very thin target. At 25 keV 
selenium is the most sensitive, followed closely by silicon; at 10 keV 
silicon is by far the most sensitive (selenium has less than 20 percent 
of its sensitivity) . To emphasize the sensitivity of silicon, notice that 
X-ray imaging in the 10 keV range has been carried out with a silicon 
diode array with sensitivity approximately equal to that of Polaroid 
film (ASA 3000) using a standard cassette with internal fluorescent 
screen. 

If it is possible to extend the depletion region to greater depths, 
then increased target thicknesses may be possible without loss of 
geometrical efficiency. In such a case the sensitivity of any of these 
possible camera tubes could be greatly increased. In the case of silicon 
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this could be done by reducing the substrate resistivity, providing that 
this did not also lead to increased dark current. With the other target 
materials this could be accomplished by fabricating effective block- 
ing contacts which could remain blocking up to sufficiently high volt- 
ages to extend the depletion region, or by making good p-n junctions 
in material of low resistivity. The most progress along these lines has 
probably been made with PbO targets, although the published ob- 
servations concerning X-ray detection with PbO camera tubes seem 
to be too sparse to permit detailed comparisons with the silicon 
camera tube. 

A further point for comparison that is relevant is the uniformity 
of sensitivity over the energy range that it is desired to operate. For 
the materials discussed here, Table III shows the positions of any 
absorption discontinuities occurring in the range 5 to 30 keV. Since 
the absorption of the elements in question changes by a large factor 
(2 to 5) at the energies indicated, the presence of absorption discon- 
tinuities is reflected in a great difference in the sensitivity of the 
camera tube on either side of these energies. This can be an incon- 
venience, both because of the unfamiliar appearance it may give to 
familiar Laue diffraction patterns and because of the great variation 
in threshold sensitivities when X-ray flux intensities are to be meas- 
ured. From this standpoint, both PbO and selenium seem undesirable 
for low-energy imaging. CdS is better, having only a discontinuity at 
26.712 keV, but silicon is clearly the target material least contami- 
nated with unwelcome discontinuities in absorption. In fact, silicon 
has no such discontinuities above 1.838 keV, which is too low in en- 
ergy for open-air diffraction work anyway. 

The final point for comparison was referred to as "convenience", 
which includes whatever practical considerations may be relevant to 
selection of a camera tube for particular applications. A disadvantage 
of silicon diode array tubes arises when very long integration times 
are required, since some form of target cooling must be supplied to 
presently produced targets to obtain integration times much longer 
than a second. Although tubes are now being designed incorporating 
internal solid-state cooling, it would still be desirable to eliminate 
this additional complication. Improvements in target processing will 
probably permit integration times as long as ten seconds, even at 
room temperature, when targets with lower dark current become 
available. 

There are other respects in which the silicon diode array looks more 
desirable. It can withstand high temperatures without damage (at 
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least several hundred degrees Centigrade), whereas an amorphous 
selenium target tends to crystallize above 30°C. B8 Moreover, although 
the diode array requires some special techniques for diffusion, the 
resulting target is durable and can withstand the kind of high tem- 
perature bakeout that seems always to be required when producing 
vacuum tubes with high reliability and years of life. 

Some other general advantages to scanned camera tubes are com- 
mon to all the types considered here. The dc level on the television 
monitor can be adjusted to provide a threshold signal below which 
no image appears, which is useful in removing background noise from 
the image. The apparent magnification of the image may be varied 
electronically by changing the raster size. Finally, simple electronic 
techniques like triggering a time-delay oscilloscope at the beginning 
of a frame allow the video signal current to be accurately measured 
at any desired locations in the image. 

The question of damage resulting from incident X-radiation is still 
open. Silicon diode array targets coated with a silicon resistive over- 
lay show a slight increase in dark current where they have been ex- 
posed to a direct beam from an X-ray tube. No damage at all seems to 
occur below a certain X-ray intensity, although this qualitative judg- 
ment may not turn out to be genuine when properly measured. 
Finally, this damage tends to anneal out when the tube is left warmed 
up without incident X-rays for a few hours, although some damage 
can still be detected. 

These descriptive features have mainly emphasized the silicon diode 
array camera tube since the authors have very little information on 
the practical aspects of the other types of X-ray camera tubes. Com- 
mercially available tubes* are of the selenium target variety; they 
have relatively short life and cannot withstand high temperatures. 
Some information is available in the literature concerning PbO 
tubes 21 - 41 but apparently not on CdS. 

VIII. CONCLUSIONS 

The following are the distinguishing features of the silicon diode 
array camera tube as applied to X-ray imaging. This device has high 
sensitivity and a smooth spectral response in the range 5 to 30 keV. 
Electronic zooming can be used to vary picture magnification. Silicon 
is easy to work with and clean for vacuum tube use; good fabrication 



* Westinghouse Type WX-5129 X-Ray Vidicon, Westinghouse Electric Cor- 
poration, Electronic Tube Division, Elmira, N. Y. 
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technology has been developed, especially locally. Silicon camera 
tubes can be baked out at high temperatures. 

Among the less desirable features of the silicon diode array are its 
relatively high dark current, requiring not too high an operating tem- 
perature, and, for low-intensity detection, requiring cooling of the 
target. In addition, for veiy long charge storage times, cooling would 
be necessary. The silicon diode array seems to exhibit some damage 
at high X-ray flux rates. It requires competent photolithographic 
techniques to fabricate, and for certain applications (such as medical 
work) it seems to be less desirable than CdS. 

Future lines of work will include both improvement of the device 
and pursuit of practical applications. Measurements will be made of 
the photoemission from the surfaces of silicon diode array targets that 
have gone through all the usual special surface processing used to lower 
the surface recombination velocity. Tubes will be constructed having 
larger sensitive areas, at least % inch in diameter, by covering the 
silicon disk with diodes and using a beryllium or mylar window to 
hold the vacuum instead of the silicon itself. Thicker targets will be 
used to increase X-ray absorption, and attempts will be made to 
make fully depleted thick targets, making use of lithium drifted 
silicon substrates. The possibility of carrier injection from denser ma- 
terials deposited on the silicon as an overlay to increase X-ray ab- 
sorption will be pursued. Tubes with internal solid-state target cool- 
ing, now being assembled and developed, will be tested. In addition, 
tubes may be built using internal electron multiplication as well as 
target cooling in hopes of carrying out photon counting and pulse 
height discrimination of photon energy. 

Practical applications to be pursued will include techniques for 
X-ray orientation of crystals by conventional Laue techniques and 
other approaches. Some preliminary results on crystal orientation, 
as well as some simple topographic studies of crystals using the diode 
array camera tube, are reported elsewhere. 4 X-ray imaging will prove 
useful in several health physics applications. With proper calibra- 
tion of radiation dose rather than photon flux, and beam intensity 
profile determinations, this technique will be useful in establishing 
dose distributions in X-ray beams to which humans are exposed 
either accidentally or intentionally, as in X-ray radiotherapy. Such 
measurements are being made by M. M. Weiss. Use of the camera 
tube as a magnifying monitor in both X-ray and electron microscopy 
is being evaluated, the latter by Fabian Pease. Finally, the possibility 
of using denser target materials such as CdS will be considered for 
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further pursuing possible applications of the camera tube in medicine 
and radiography. 
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APPENDIX 

Measurements of Silicon Diode Array Target Reflectivity 

In Fig. 2 the measured collection efficiency of the camera tube is 
shown, as corrected using published values for the reflectivity of 
silicon. 16 The data points show a certain oscillation in magnitude as 
a function of wavelength. To understand this effect more fully, the 
reflectivity of the target was measured: 

A Bausch & Lomb grating monochromator model No. 33-86-03 
with 675 grooves per mm and 3-ram slits was used with a tungsten 
source and a Corning No. 2-64 infrared transmitting filter, the latter 
serving to remove second-order diffracted rays from the output beam. 
An aperture 2 mm in diameter as placed at the exit slit. Light from 
the monochromator passed through a 6.4-cm focal length lens and 
was reflected from a half-silvered mirror with an angle of incidence 
of about 45°, and the image of the 2-mm aperture was formed on the 
diode array target. The limiting aperture for this incident light was 
an 2-cm diameter aperture placed next to the lens, and the optical 
path length from this aperture to the target was 13 cm. Thus the 
incident light arrived at angles ranging up to tan -1 (1/13) = 4.41° 
with respect to the normal to the diode array target. Light reflected 
from the target again passed through the half-silvered mirror and 
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through another lens, which imaged the surface of the target on a 
solar cell. The diameter and placement of this lens were such that 
light was accepted leaving the target at any angle up to 14° with 
respect to the target normal. The light was chopped at 13 Hz and 
synchronously detected. 

The reflectivity of the target was determined by comparing the 
13-Hz light signal detected in the arrangement just described with 
the signal measured when the diode array target was replaced with 
a multilayer dielectric mirror. Two such mirrors, kindly loaned by 
L. B. Hooker, together furnished a reference reflectivity exceeding 
99 percent in the wavelength range 0.85 to 1.5 microns. Care was 
taken not to saturate the solar cell during these measurements. 

The reflectivity thus measured is plotted in Fig. 7. The data be- 
come increasingly less accurate at longer wavelengths because of the 
greatly reduced sensitivity of the solar cell at these wavelengths. 

Fig. 7 reveals the same sort of oscillations previously observed in 
the collection efficiency data points of Fig. 2. Unfortunately it is not 
possible to correct the measured collection efficiency data using the 
reflectivity of Fig. 7 to verify that all the oscillations in Fig. 2 are 
spurious. 

There are several reasons for this. First, Q the spectral width for 
the reflectivity measurement was about 100 A, a significant fraction 
of the spacing between the reflectivity minima (^700 A), whereas the 
measurements of Fig. 2 were made with a considerably narrower 
spectral input. Second, since the oscillations presumably arise from 
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Fig. 7 — Measured reflectivity of the illuminated side of the target mounted 
in tube No. TN-84. 
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interference between multiple internal reflections in the target, their 
magnitudes should be strongly dependent upon the range of deviation 
of the incident light from the normal, which was also different in the 
two sets of measurements because of the different geometry used (a 
Perkin-Elmer monochromator was used for the collection efficiency 
measurements). Moreover, the collection efficiency measurements 
were made with the target newly mounted on the tube, but by the 
time the reflectivity measurements were made, the target surface had 
unavoidably become dirtier. These differences in surface cleanliness 
could easily have changed the amount of reflection either internally 
or externally at the silicon-air interface enough to change the magnitude 
of oscillations in the reflectivity from the values that would have been 
measured on a clean surface. 

Moreover, it is not even possible to accurately compare the measured 
value of reflectivity (27.5 ±1.0 percent) for wavelengths 0.80jim < 
X < l.Ojum with published values of reflectivity, which amount to about 
32 percent in this wavelength range. 16 It is quite possible that the scat- 
tering due to surface contamination was adequate to account for the 
discrepancy between the measured and the published values. 

However, it is still possible to learn a lot of information from the 
reflectivity measurements. First they confirm the periodic behavior 
observed in the collection efficiency measurements. The minima in 
reflectivity observed at 0.91/xm and 0.98/x,m could have arisen from in- 
terference between internal reflections in the target. Since the absorp- 
tion coefficient is too great for much penetration to occur at these 
wavelengths, this would have to be caused by a thin surface layer of 
the target having slightly different optical properties from the rest 
of the target substrate. Its thickness may be estimated by setting 

0.91 (n + 1) = 0.9Sn, (7) 

from which 

n = 13. (8) 

This gives an optical thickness for the layer of 

|n(0.98) = 6.4/im. (9) 

Thus these oscillations in the reflectivity could be accounted for by a 
layer of thickness Pa2nm since a typical refractive index for silicon in this 
wavelength range is ^3.6. 59 It appears that this thickness of layer 
would also account for the oscillation in the collection efficiency dis- 
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played in Fig. 2. It is not known whether such a layer could be caused 
by impurities or dislocations near the surface. 

Since the true magnitude of the oscillation cannot be accurately 
known, further remarks refer to Figs. 2 and 7 with the oscillating 
features replaced by slowly changing average values. 

As previously pointed out, the discrepancy between the measured 
value of reflectivity of ^27.5 percent and the published value of 32 
percent in the wavelength range 0.85-l.Opm probably results from 
scattering. Since the factor needed to correct the measured values of 
collection efficiency to obtain Fig. 2 should really be 1/T (T = trans- 
mission of the silicon surface for entering photons) rather than 1/(1 — R), 
the measured reflectivity values should really be augmented by the 
scattering if they were to be used to obtain Fig. 2. Thus it seems pref- 
erable to use the larger value 32 percent, as obtained from the literature, 
for this correction, at least for wavelengths shorter than 1.0pm. 

For wavelengths beyond 1.0pm, the published values of reflectivity 
continue to decrease, approaching 30 percent, 10 but the values given 
in Fig. 7 rise significantly at longer wavelengths. Since the absorption 
coefficient of the silicon decreases sharply in this wavelength range, 
falling to only 4.24 cm" 1 at 1.11pm, 11 the target rapidly becomes virtually 
transparent to light as the wavelength increases past 1.0pm. Thus the 
reflectivity of the target becomes the reflectivity of the front surface, 
augmented by the reflectivity of the back surface (measured to be 
^40 percent by a similar technique), finally complicated at sufficiently 
long wavelengths by multiple internal reflection if the front and back 
surfaces of the target are sufficiently parallel. Thus this rise in measured 
reflectivity at longer wavelengths is to be expected. 
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